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A B S T R A C T   
An important bottleneck in fish aquaculture research is the supply and maintenance of embryos, larvae, juvenile 
and adult specimens. In this context, cell lines represent alternative experimental models for in vitro studies that 
complement in vivo assays. This allows us to perform easier experimental design and sampling and avoid the 
sacrifice of animals. Embryonic stem (ES) cell lines have attracted increasing attention because they have the 
capability to proliferate indefinitely and could be differentiated into any cell type of the organism. To minimise 
cell heterogeneity and increase uniformity of in vitro studies results, in this manuscript we report the develop-
ment and characterisation of two single cell-derived ES cell lines (monoclonal) from the morula stage embryos of 
the gilthead seabream, Sparus aurata, named as SAEC-A3 and SAEC-H7. Both cell lines have been passaged for 
over 100 times, indicating the establishment of long-term, immortalised ES cell cultures. Sequence analyses 
confirmed the seabream origin of the cell lines, and growth analyses evidenced their high viability and prolif-
erating activity, particularly in culture medium supplemented with 10–15% fetal bovine serum and 22 ◦C. Both 
cell lines showed the ability to generate embryoid bodies and show different sensitivity and response to all-trans 
retinoic acid. The analysis of epithelial (col1α1) and neuronal (sox3) markers in differentiated cultures revealed 
that SAEC-A3 tended to differentiate towards epithelial-like cells whereas SAEC-H7 tended to differentiate to-
wards neuronal-like cells. Both cell lines were efficiently transfected with pDsRed2-ER and/or pEGFP-N1 plas-
mids, indicating that they could represent useful biotechnological tools. Daily expression of pcna showed 
significant expression rhythms, with maximum levels of cell proliferation during the day-night transition. 
Currently, these cell lines are being successfully used as experimental models for the study of cellular meta-
bolism, physiology and rhythms as well as for toxicological, pharmacological and gene expression analyses.   
1. Introduction 
Embryonic stem (ES) cells are derived from early embryonic devel-
opmental stages and show two defining properties: the ability of self- 
renewal, maintaining their undifferentiated characteristics, and 
cellular pluripotency (Fu, 2014; Hong et al., 2011). In vitro approaches 
using embryo-derived cell cultures have complemented in vivo studies in 
many disciplines such as biochemistry, biotechnology, immunology, 
developmental biology and chronobiology. They have provided infor-
mation concerning cell proliferation and apoptosis, cell differentiation, 
cell signalling and metabolism, cytotoxicity, pharmacology and gene 
expression (Ilic et al., 2015; Reubinoff et al., 2000; Molino et al., 2019; 
Weger et al., 2017). Moreover, ES cells can contribute to the germ line 
after being transplanted into recipient embryos to generate chimaeras 
and gene-targeted organisms (Lin et al., 1992). Importantly, these ES 
cells allow us to replace and reduce the use of animals and refine tests to 
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cause less damage and stress in living organisms (Sellick, 2011). 
Since the first reported ES cell line developed in Drosophila mela-
nogaster (Schneider, 1972), ES cells have been developed in many 
different species including mice (Evans and Kaufman, 1981; Martin, 
1981), humans (Thomson, 1998; Reubinoff et al., 2000), and fish (Béjar 
et al., 2002; Cao et al., 2019; Collodi et al., 1992; Parameswaran et al., 
2012; Parameswaran et al., 2007; Wakamatsu et al., 1994; Weger et al., 
2017; Whitmore et al., 2000). When using these cell lines, cellular ho-
mogeneity has been shown to be a crucial factor for the success of in vitro 
studies and some methods such as gene-delivery or chimaera production 
(Kim and Eberwine, 2010; Silva et al., 2011; Young and Dean, 2015). 
These methods are usually cell specific, low in efficiency and viability 
and lack uniformity (Kim and Eberwine, 2010). In fact, new method-
ologies are being investigated to develop monoclonal lines (Yang et al., 
2018). The use of monoclonal ES cell lines also reduces the genetic 
variability, inherent to the method of generating embryonic cell lines, 
the heterogeneity in cellular responses and allows to obtain more reli-
able and consistent results, thus favouring the understanding of cellular 
mechanisms. However, to the best of our knowledge, currently no 
monoclonal ES cell lines are available from marine fish, which could be 
of high relevance for studies in important commercial species. 
Proliferating cell nuclear antigen (PCNA) is a conserved protein 
found in all eukaryotic species as well as in Archaea, which is required 
for DNA synthesis during replication (Bravo et al., 1987; Prelich et al., 
1987; Tan et al., 1986). Expression levels of pcna are associated with 
proliferation or neoplastic transformation (Bravo et al., 1982; Celis 
et al., 1984), being the analysis of its expression used to evaluate cell 
proliferation (Tachibana et al., 2005). 
Fishes represent the largest group of vertebrates, with around 32.000 
species, 85 orders and 536 families (Nelson et al., 2016). They have a 
long evolutionary history and exhibit a great diversity in habitat, life 
span, size, shape, reproductive strategies and behaviour. In turn, Per-
ciforms is the largest order of vertebrates and is among the most diverse 
orders of fishes, including many species of commercial interest. The 
gilthead seabream (Sparus aurata) is a marine perciform highly impor-
tant for European aquaculture that is reared under both intensive and 
extensive conditions over the Mediterranean coasts. This species also 
represents an important model for basic and applied research on growth, 
reproduction, chronobiology, neuroanatomy, nutrition, stress, osmo-
regulation, development, genomics, ecotoxicology and pathology 
(Martínez-Barberá et al., 1995; Gothilf et al., 1996; González de Canales 
et al., 1996; Muñoz-Cueto et al., 1999; Muñoz-Cueto et al., 1998; Sar-
asquete et al., 1999; González-Martínez et al., 2006; Bodinier et al., 
2010; Mata-Sotres et al., 2015; Pérez-Sánchez et al., 2018; Khansari 
et al., 2018; Pauletto et al., 2018). Supply, maintenance and handling of 
embryos, larvae, juvenile and adult of this species for research purposes 
entail important economic costs, as well as welfare and ethical issues. 
For this reason, the development of immortalised ES monoclonal cell 
lines derived from the gilthead seabream could provide experimental 
models for in vitro studies, thus accomplishing the objectives of the 3Rs 
strategy, i.e., replacing (R1) the laboratory animals as long as adequate 
in vitro alternatives are available, reducing (R2) the number of labora-
tory animals to the greatest possible extent, and refining (R3) and 
minimizing the distress caused to them. For this purpose, in this study 
we have developed and characterized two single cell-derived ES cell 
lines from gilthead seabream (Sparus aurata) fertilised oocytes, called 
SAEC-A3 and SAEC-H7. We have characterized their growth and their 
potential in terms of capacity to form embryoid bodies and the ability to 
be differentiated and transfected. Moreover, we have analysed the 
evolution of cell proliferation under different photoperiods, revealing 
significant daily oscillations of proliferating activity that are endoge-
nous to the cells. These ES cell lines could be used as valuable tools in a 
wide range of research assays, contributing to our understanding of 
cellular physiology and metabolism, cellular stress response, cytotox-
icity, transgenesis and chronobiological synchronization to environ-
mental cues in fish. 
2. Material and methods 
2.1. Establishment of Sparus aurata cell lines and routine maintenance 
Gilthead seabream (Sparus aurata) fertilised oocytes were collected 
at morula stage from the fish facilities of the “Servicio Central de 
Investigación en Cultivos Marinos” (University of Cádiz). Fertilised eggs 
were properly disinfected with 70% ethanol and 4% bleach, washed 
with sterile, filtered seawater and then with phosphate buffer saline 
(PBS). Cells were pull out of the chorion by mechanical disruption using 
sterile 1.5 mL microcentrifuge tubes and a piston. Subsequently, a pool 
of cells was transferred to 12.5 cm2 culture flasks with regular Leibo-
vitz’s L-15 growth medium (L-15, Gibco, Waltham, MA, USA) supple-
mented with 10% fetal bovine serum (FBS, Gibco), 1% penicillin/ 
streptomycin (P/S, Gibco), 1% glutamine (Gibco) and NaCl 5 M (com-
plete L-15 medium). When high confluence was reached, cells were 
transferred to 25 cm2 flasks and then to 75 cm2 flasks to expand the 
culture. Cells were passaged using 2 mL of 0.05% trypsin (Gibco) when 
80% confluence was reached. Approximately 2.5 × 105 cells were 
replated in a new culture flash with fresh complete L-15 medium and 
1.5 × 106 cells/mL were cryopreserved in completed L-15, 10% 
dimethyl sulfoxide (DMSO, VWR, Llinars del Vallès, Barcelona, Spain) 
and stored in liquid nitrogen. To ensure obtaining single cell-derived cell 
lines (monoclonal cell lines) a limited dilution was performed at passage 
20 in a 96 well plate. More than 20 different clones were obtained and 
their growth was daily monitored in an inverted phase-contrast micro-
scope (AE31 Motic). Two of them were selected to expand, called Sparus 
aurata embryonic cell lines A3 and H7 (SAEC-A3 and SAEC-H7, 
respectively). From the 96 well plate, SAEC-A3 and SAEC-H7 were 
gradually transferred to 24, 12 and 6 well plates and, finally, to culture 
flasks. They were passaged and cryopreserved as described above. All 
flasks were maintained at 22 ◦C in constant darkness and the culture 
medium was replaced every 3–4 days. 
Animals were manipulated following the guidelines of the Animal 
Experimentation and Ethics Committee of the University of Cádiz 
(Spain), in accordance to the international ethical standards and the 
European Union regulation (EC Directive 86/609/EEC).. 
2.2. Cell proliferating activity of seabream cell lines and molecular 
confirmation of the species identity 
To confirm the proliferating activity and to ensure the Sparus aurata 
origin of SAEC-A3 and SAEC-H7 monoclonal ES cell lines, PCR amplified 
products of proliferating cell nuclear antigen (pcna, GenBank accession no. 
KF857335.1), alpha 1 collagen 1 (col1α1, GenBank accession no. 
DQ324363.1), cyclooxygenase-2 (cox2, GenBank accession no. 
MG570172.1) and Sparus aurata FAU ubiquitin like and ribosomal protein 
S30 fusion (fau, GenBank accession no. XM_030404363) were analysed 
and sequenced to corroborate their identity. Total RNA was extracted 
from cultured cells using the E.Z.N.A. Total RNA Kit I (Omega BIO-TEK, 
Norcross, Georgia, USA) supplementing the lysis buffer with β-mercap-
toethanol (Sigma-Aldrich, St Louis, Missouri, USA) following the 
manufacturer instructions. Subsequently, 500 ng of total RNA were 
reverse transcribed into cDNA using the qScript cDNA Synthesis Kit 
(Quantabio, Beverly, MA, USA) in a 20 μL reaction volume. pcna, cox2 
and fau specific primers were designed by using Primer3Plus software 
(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi) 
and col1α1 primers were selected in accordance with Parameswaran 
et al., 2012 (Table 1). PCRs were performed in a MJ Mini™ Thermal 
Cycler (Bio-Rad, Alcobendas, Madrid, Spain) with the following condi-
tions: denaturalization step at 95 ◦C for 30s, followed by 40 cycles of 
denaturalization at 95 ◦C for 5 s, annealing at 60 ◦C for 30s and elon-
gation at 72 ◦C for 5 s. Amplified products were visualised in 1,5% 
agarose gel and were isolated and purified with a commercial kit 
(ISOLATE II PCR and Gel Kit, Bioline, London, UK) for sequencing (Stab 
Vida, Caparica, Portugal). Sequences were depurated and analysed by 
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BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to confirm seabream 
identity. 
2.3. Cell viability assay 
Viability assays of SAEC-A3 and SAEC-H7 were performed using 
Thiazolyl Blue Tetrazolium Bromide (MTT, Sigma-Aldrich) at a final 
concentration of 5 mg/mL. SAEC-A3 and SAEC-H7 cells were plated by 
duplicate in a 96 well plate at three different densities: 1 × 104, 2 × 104 
and 3 × 104 cells/well. To test cellular viability, after 24, 48 and 72 h 
cells were incubated during 4 h with 20 μL MTT. Thereafter, medium 
was discarded and 100 μL of DMSO (Sigma-Aldrich) was added into each 
well to solubilise formazan crystals. Cells were maintained in DMSO in 
continuous shaking for 10 min. Absorbance at 570 nm was determined 
using a microplate reader (ThermoFisher Scientific, Waltham, MA, USA) 
and results (absorbance vs. time) were plotted to obtain an indirect 
measurement of viable cell number. 
2.4. Optimization of culture conditions 
To optimize cell viability under culture conditions of both cell lines, 
the effect of fetal bovine serum concentration and temperature on 
growth was analysed. 
2.4.1. Fetal bovine serum (FBS) concentration and temperature effects 
To establish the optimal FBS concentration and temperature condi-
tions for the growth of SAEC-A3 and SAEC-H7, two experiments were 
performed where 1 × 104 cells/well in 1.0 mL were plated by triplicate 
in 12 well plates with complete L-15 medium. After 24 h, SAEC-A3 and 
SAEC-H7 were counted in a Neubauer chamber using Trypan Blue 
staining (Sigma-Aldrich) to determine the initial cell number (day 1). To 
investigate the effect of FBS concentration, after 24 h medium was 
replaced at 0%, 5%, 10% and 15% FBS in the remaining plates. In order 
to establish the best growing temperature conditions, SAEC-A3 and 
SAEC-H7 were maintained at three different temperatures (13 ◦C, 22 ◦C 
and 31 ◦C) until the end of the experiment. They were plated with L-15 
10% FBS, as it was the minimum FBS concentration producing good 
growth and best counts in both cases. Subsequently, every 3 days culture 
medium was renewed in both experiments in order to guarantee 
appropriate culture conditions. Triplicates of every FBS concentration or 
a given temperature were counted in a Neubauer chamber using Trypan 
Blue staining (Sigma-Aldrich) at day 4, 7, 10 and 13. 
2.4.2. Calculation of the generation time 
Once the most favourable conditions for FBS concentration and 
temperature were established, the generation time of each cell line was 
established using the mathematical calculation according to Stephenson 
(2010): log (N) = log (N0) + Kt, where N is the increase in cell number, 
N0 is the number of cells at the beginning of the time interval, K is the 
growth constant calculated as the slope of the line plotting the log of the 
cell concentration vs. time and t is the time. 
2.5. Analysis of the potential of SAEC-A3 and SAEC-H7 cell lines 
To analyse the potential of SAEC-A3 and SAEC-H7, the formation of 
embryoid bodies, the effect of retinoic acid (RA) on cell differentiation 
and the capacity of cell lines to be transfected were analysed. 
2.5.1. Formation of embryoid bodies 
Embryoid bodies (EBs) formation, a characteristic usually associated 
with pluripotency, was assayed using 90 mm bacteriological petri 
dishes. Both cell lines were plated at a density of 5 × 106 cells/15 mL 
and, to verify the capacity to generate EBs, they were maintained under 
shaking with complete L-15 medium, constant temperature of 22 ◦C and 
total darkness for two weeks. Cells were observed every day with an 
inverted phase-contrast microscope for EBs formation. Once formed, EBs 
were collected and seeded in 12.5 cm2 culture flasks to generate cell 
monolayers. 
2.5.2. Cell differentiation 
Cell differentiation capacity of SAEC-A3 and SAEC-H7 was analysed 
by seeding 2 × 104 cells/well in 6 well plates by triplicate. Cells were 
maintained in complete L-15 medium and after 24 h, medium was 
supplemented with different all-trans retinoic acid (RA) (Sigma-Aldrich) 
concentrations to induce cellular differentiation: 1, 2 and 4 μM. Cells 
plated with the corresponding DMSO concentrations were used as con-
trols. Cells were maintained under the experimental treatments for ten 
days and medium was renewed every day. On day 10, RNA was 
extracted, and cDNA synthetised as described in Section 2.2. Epithelial 
(col1α1) and neuronal (SRY-box containing protein 3, sox3, GenBank 
accession no. KM522783.1) markers relative expression was analysed 
by RT-qPCR as specified in Section 2.7. Daily morphological changes 
were examined under an inverted phase-contrast microscope with 20×
and/or 40× dry objectives. 
2.5.3. Transfection studies 
The ability of SAEC-A3 and SAEC-H7 cell lines to be transfected was 
assessed using pDsRed2-ER and/or pEGFP-N1 expression plasmids 
(ThermoFisher Scientific). For this purpose, 1 × 105 cells/well were 
plated in a 12 well plate by duplicate with complete L-15 medium. After 
24 h, medium was replaced and cells were transfected by lipofection 
using VIROMERR Yellow (Lipocalyx, Weinbergweg, Germany) with 1 
μg/μL pDsRed2-ER and/or pEGFP-N1 (Clontech, CA, USA) following 
manufacturer’s instructions. After 72 h, cells were fixed by using 4% 
paraformaldehyde-PBS (Sigma-Aldrich) for 10 min and samples were 
assembled in a glass slide using VECTASHIELD HardSet™ Antifade 
fluorescence mounting medium with DAPI, to preserve fluorescence 
(Vector laboratories, Burlingame, USA). Cells successfully transfected 
were observed and counted in an inverted fluorescence microscope 
(ApoTome2.0 Axion Observer, ZEISS, Oberkochen, Germany) to calcu-
late transfection efficiency. 
2.6. Daily variations and circadian rhythms of pcna expression 
To analyse pcna daily variations in the Sparus aurata ES cell line 
SAEC-H7, 2.5 × 105 cells/well were seeded in 6 well plates by triplicates 
in complete L-15 medium. After 24 h, medium was replaced, and cells 
were maintained two entire days under 12 h light and 12 h darkness to 
ensure their synchronization. Expression of pcna was then analysed over 
4 complete days by using two different experimental photoperiod 
groups: 12 h light and 12 h darkness during the four days (LDLD); and 
12 h light and 12 h darkness during the first day and continuous light 
until the end of the experiment (LDLL). In the LDLD group and the first 
Table 1 
Sequences of primers used for the characterization of the Sparus aurata embry-
onic monoclonal cell lines, SAEC-A3 and SAEC-H7. PCR amplicon sizes (bp) are 
also indicated.  
Name Sequence (5′-3′) Amplicon size (bp) 
Sa_pcna_F AGATGAATGAACCCGTCCAG 147 
Sa_pcna_R CGTGTCCCATATCAGCAATC 
Sa_col1α1_F GAGATGGCGGTGATGTGGCGGAGTC 214 
Sa_col1α1_R GCCTGGTTTGGCTGGATGAAGAGGG 
Sa_cox2_F GAGTACTGGAAGCCGAGCAC 192 
Sa_cox2_R GATATCACTGCCGCCTGAGT 
Sa_18S_F CGAAAGCATTTGCCAAGAAT 102 
Sa_18S_R AGTTGGCACCGTTTATGGTC 
Sa_fau_F GACACCCAAGGTTGACAAGCAG 149 
Sa_fau_R GGCATAGAAGCACTTAGGAGTTG 
Sa_sox3_F CCCCAAAATGCACAACTCTG 126 
Sa_sox3_R TGCTCCTTCATGTGCATAGC 
Sa_bactin_F TCCTGCGGAATCCATGAGA 51 
Sa_bactin_R GACGTCGCACTTCATGATGCT  
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day of the LDLL group, light was switched on at 9:00 h and off at 21:00 h 
local time. Cells were maintained under constant temperature (22 ◦C) 
during the complete experiment. Triplicates of SAEC-H7 were collected 
every 6 h at zeitgeber (ZT) or circadian time (CT) 0, 6, 12 and 18, and 
total RNA was extracted and retrotranscribed as previously described in 
Section 2.2. Daily pcna relative expression was analysed by real-time 
quantitative PCR (RT-qPCR), as indicated in Section 2.7. 
2.7. Gene expression analysis 
Real-time quantitative PCR (RT-qPCR) was used to analyse daily 
pcna relative expression, and col1α1, sox3 relative expression. qPCR 
reactions were performed by triplicate in a CFX96 Touch Deep Well 
Real-Time PCR Detection System (Bio-Rad) using PerfeCTa SYBR Green 
SuperMix (Quantabio, Beverly, MA, USA). To optimise qPCR conditions, 
a temperature gradient was performed for each set of primers. Standard 
curves were also generated for each gene using 10-fold serial dilutions of 
cDNA, showing slopes close to − 3.32 and efficiencies around 100%. 
Amplification conditions were as follows: denaturalization step at 95 ◦C 
for 30s, followed by 40 cycles of denaturalization at 95 ◦C for 5 s, 
annealing at 60 ◦C for 30s and elongation at 70 ◦C for 5 s. Non-template 
control and inter-run calibrator samples were used as negative and 
comparative controls. Melting curves were analysed to confirm ampli-
fication of a single product in each sample. mRNA relative expression 
was calculated by using ΔΔCt method (Livak and Schmittgen, 2001) 
using β-actin (GenBank accession no. X89920.1) and 18S(GenBank 
accession no. AJ291668.1) as housekeeping genes for normalisation. 
Primers for β-actin were selected in accordance to Vera et al. (2013). All 
obtained PCR products were purified and sequenced to confirm their 
identity. 
2.8. Statistical and rhythm analyses 
Differences among means were analysed by one-way analysis of 
variance (ANOVA) followed by Tukey’s post-hoc comparisons test. 
When data did not accomplish the ANOVA requirements (normality and 
homogeneity of variances), a non-parametric Kruskal-Wallis test was 
used. In all cases, significance was accepted at p < 0.05. Statistical an-
alyses were performed using the StatGraphics Centurion software 
(Statpoint Technologies, Warrenton, VA, USA). All values shown in 
figures are presented as mean ± standard error of the mean (SEM). 
Rhythm analyses of pcna relative expression were performed by the 
cosinor method (Nelson et al., 1979), using the software developed by 
Prof. A. Díez Noguera (“El Temps”, University of Barcelona) and they 
were considered significant when p < 0.05. 
3. Results 
3.1. Establishment of Sparus aurata cell lines 
A limited dilution has allowed us to successfully obtained two 
monoclonal embryonic cell lines derived from morula stage embryos of 
Sparus aurata. They were designated as SAEC-A3 and SAEC-H7 (Sparus 
aurata embryonic cell line A3 and H7). When cells were plated at low 
confluences, they were dispersed at the bottom of the culture flask, 
showing rounded and elongated morphologies (Fig. 1A, D). Proliferative 
cells in contact, rounded and polygonal in shape, generated small col-
onies that started covering the flask bottom surface (Fig. 1B, E) to finally 
reach high confluences (Fig. 1C, F). Rounded floating cells in division 
were appreciated in all culture growing stages (Fig. 1, white arrow-
heads). Currently, cells have been passaged for over 100 times with no 
apparent morphological changes (Supplementary Fig. S1), indicating 
the establishment of long-term immortalised cell cultures. SAEC-A3 and 
SAEC-H7 were regularly cryopreserved in complete L-15 medium and 
10% DMSO and stored in liquid nitrogen. Cells thawed, resuspended in 
fresh complete medium and plated in new flasks were viable and showed 
over 90% survival rate. 
3.2. Molecular identification of gilthead seabream cell lines and cell 
proliferating activity 
In order to confirm that the cell lines derived from seabream, PCR 
products of pcna, col1α1, cox2 and fau were sequenced and analysed by 
BLAST. Our results confirmed the seabream origin of all amplified 
products, with 100% identity observed in SAEC-A3 and SAEC-H7 cell 
lines (Fig. 2, Table 2). 
Amplification of proliferating cell nuclear antigen (pcna) confirmed 
the proliferative activity of both cell lines (Fig. 2). 
Fig. 1. Phase-contrast micrographs of growing Sparus aurata monoclonal cell lines SAEC-A3 (A-C) and SAEC-H7 (D–F) in culture. Individual cells showed rounded 
and elongated morphologies when plated at low confluences (A, D), 24 h post seeding. Small colonies are observed at medium confluences, with cells exhibiting 
rounded and polygonal morphology (B, E), 72 h post seeding. At high confluences, cells completely covered the bottom flask surface (C, F), more than five days in 
culture. White arrowheads indicate some active dividing cells. Micrographs were acquired with 20× dry objective. Scale bar: 20 μm. 
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3.3. Cell viability 
As expected, the best viability values were observed in higher cell 
confluences for both cell lines, i.e., when 2 × 104 and 3 × 104 cells/well 
were seeded in the three different time points analysed (24, 48 and 72 h, 
Supplementary Fig. S2). In all densities tested, viability was higher at 72 
h. Although both cell lines exhibited the same tendencies in formazan 
production, SAEC-H7 showed higher viability values than SAEC-A3 in 
the three different confluences screened (Supplementary Fig. S2). 
3.4. Growth characteristics of seabream cell lines 
Growth curves obtained at different serum concentrations for SAEC- 
A3 and SAEC-H7 indicated that both cell lines exhibited the lowest cell 
number when medium was devoid of FBS (0%), with no significant in-
crease in growth over time (ANOVA p-value >0.05, Fig. 3). SAEC-A3 
showed a steady significant rise in cell number when supplemented 
with 5%, 10% or 15% FBS during the first ten days (day 1, 4, 7 and 10, 
ANOVA p-values 0.00001, 0.00001 and Kruskal-Wallis p-value 0.01154 
for 5%, 10% and 15% FBS, respectively). Subsequently, growth curves 
showed a significant decrease in proliferation at day 13 (Fig. 3A). SAEC- 
A3 showed the highest cellular counts when medium was supplemented 
with 10% and 15% FBS. However, SAEC-H7 displayed a different 
growth behaviour and response to FBS compared to SAEC-A3. Cells 
showed slower growth in low cell concentrations during the first ten 
days of culture with 5%, 10% and 15% FBS, showing statistically sig-
nificant increments in cell number (ANOVA p-values 0.00002, 0.00806 
and 0.00001, respectively). Moreover, a further significant increase in 
the number of viable cells was observed at day 13, indicating that after 
13 days SAEC-H7 still maintained growth capacity (Fig. 3B). The highest 
cellular counts were also observed when medium was supplemented 
with 10% and 15% FBS. 
Regarding temperature effects on cell growth, both cell lines showed 
minimum growth at 13 ◦C, with no significant increase in cell number in 
the case of SAEC-A3 (Fig. 4). Cells displayed the optimal growth at 
22 ◦C, showing significant increments in cell number during the whole 
experiment with a maximum reached at day 13 (ANOVA p-values 
0.00001 and 0.0001 for SAEC-A3 and SAEC-H7, respectively). At 31 ◦C, 
a faster growth was appreciated compared to 22 ◦C, and the statistical 
analysis showed significant increments in cell number during the first 
ten days of the experiment (ANOVA p-values 0.00001 for both cell lines, 
Fig. 4). However, the number of cells was maintained constant at day 13, 
tending to decrease (Fig. 4). Higher cellular counts were obtained in 
SAEC-H7 in relation to SAEC-A3, particularly at 31 ◦C (Fig. 4). 
The results of viability polynomic curves analyses indicated an 
estimated generation time of 1.7 days for both cell lines, although the 
doubling time was reduced to 0.9 days during the first days (day 1, 4 and 
7). 
3.5. Formation of embryoid bodies 
One of the defining characteristics of embryonic cells is their ability 
to form EBs. Both SAEC-A3 and SAEC-H7 monoclonal cell lines were 
able to generate EBs since the first day in continuous shaking. EBs were 
Fig. 2. Electrophoretic profile of amplicons obtained by PCR in SAEC-A3 (A) and SAEC-H7 (B) cell lines visualised in 1.5% agarose gel. pcna, col1α1, cox2 and fau 
PCR products of 147, 214, 192 and 149 bp, respectively, were amplified following the PCR conditions described in the Material and Methods section. MWM: 
Molecular weight marker. From bottom to top, black bars indicate 50, 100, 200 and 1000 bp. 
Table 2 
Sequence identity of the selected amplified products in SAEC-A3 and SAEC-H7 with the closest sequences from GenBank. Table shows accession number of each 
sequence in every species, E-values and percentages of query cover and identity (%). All data were collected from BLASTn.  
Gene Name of Species Accession Number E-value Query cover (%) Query identity (%) 
pcna Sparus aurata XM_030418162.1 4e-69 100 100.00 
Acanthopagrus latus XM_037097160.1 3e-61 98 97.24 
Seriola dumerili XM_022766974.1 3e-60 99 96.58 
Labrus bergylta XM_020647462.2 1e-59 98 96.55 
col1α1 Sparus aurata DQ324363.1 1e-104 100 100.00 
Acanthopagrus latus XM_037089113.1 9e-102 100 99,06 
Cottoperca gobio XM_029438325.1 3e-96 100 97,64 
Micropterus salmoides XM_038692282.1 2e-93 100 96,71 
cox2 Sparus aurata MG570172.1 1e-94 100 100.00 
Acanthopagrus latus XM_037114887.1 3e-81 98 95,85 
Pagrus major HM453866.1 6e-78 98 94,82 
Oplegnathus fasciatus FJ952157.3 1e-64 98 90.67 
fau Sparus aurata XM_030404363.1 3e-70 100 100.00 
Acanthopagrus latus XM_037087142.1 3e-65 100 97.99 
Scophthalmus maximus XM_035617728.1 3e-61 99 96.62 
Paralichthys olivaceus XM_020092007.1 3e-60 100 95.97  
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observed as aggregate forms and were maintained during two weeks 
without renewing the culture medium (Fig. 5A, B). Nevertheless, daily 
observations showed that SAEC-A3 cells formed less EBs and needed 
more time than SAEC-H7 to generate them, with many single cells that 
remained in suspension without aggregation. After fifteen days, SAEC- 
A3 and SAEC-H7 EBs grew normally when they were replated in cul-
ture flasks with complete L-15 medium. 
3.6. Cell differentiation 
Both Sparus aurata cell lines responded with different sensitivity to 
retinoic acid (RA) treatment. In addition, our qualitative and molecular 
analyses highlighted different patterns of differentiation. During ten 
days of RA treatment, different cell types were observed in both cell lines 
which, by morphology, were described as neuron-like (a relatively 
rounded cell body with extended processes, around 7.80 ± 2,93% in 
SAEC-H7) (Fig. 5C, D) and epithelial-like (polygonal in shape, with 
expanded cytosol, stationary, growing in patches, around 3.78 ± 0.99% 
in SAEC-A3) cells (Fig. 5E, F), being the number of epithelial-like cells 
much higher in SAEC-A3. No differentiated cells were observed in 
control wells (Fig. 5G, H). Molecular analysis of specific epithelial 
(col1α1) and neural (sox3) markers revealed statistically significant 
differences in col1α1 relative expression in SAEC-A3 cell line when 
treated with 2 and 4 μM RA concentrations (ANOVA p-value 0.0115 and 
0.0435, respectively) (Fig. 6A). However, in SAEC-H7 monoclonal cell 
line, no significant differences in col1α1 expression were observed at any 
Fig. 3. Effects of fetal bovine serum (FBS) concentration on the growth of 
Sparus aurata monoclonal embryonic cell lines SAEC-A3 (A) and SAEC-H7 (B). 
1 × 105 cells/mL were plated by triplicate in complete L-15 medium and 
constant temperature (22 ◦C). After 24 h, medium was supplemented with 0%, 
5%, 10% and 15% FBS and cells were counted every 3 days. Curves represent 
viable cell number/mL. Different letters above graphs indicate significant sta-
tistical differences (ANOVA one-way p < 0.05). Values are represented as mean 
± standard error of the mean (SEM). 
Fig. 4. Effects of temperature on the growth of Sparus aurata monoclonal 
embryonic cell lines SAEC-A3 (A) and SAEC-H7 (B). 1 × 105 cells/mL were 
plated by triplicate in complete L-15 medium containing 10% FBS. After 24 h, 
cells were maintained at three different temperatures. i.e., 13 ◦C, 22 ◦C and 
31 ◦C and were counted every 3 days. Graphs show viable cell number/mL. 
Different letters above graphs indicate significant statistical differences 
(ANOVA one-way p < 0.05). Values are represented as mean ± standard error 
of the mean (SEM). 
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RA concentration studied (data not shown). In relation to sox3, SAEC-A3 
showed no statistically significant differences at any RA concentration 
studied (data not shown). On the contrary, relative expression of sox3 in 
SAEC-H7 displayed statistically significant differences when cells were 
treated with 4 μM of RA concentrations (ANOVA p-value 0.0002) 
(Fig. 6B). 
3.7. DsRed2-ER and EGFP-N1 transfection studies 
SAEC-A3 and SAEC-H7 cell lines were successfully transfected with 
any or both pDsRed2-ER and/or pEGFP-N1 expression plasmids, being 
the estimated transformation efficiency around 1% (Fig. 7; Supple-
mentary Fig. S3). The expression of both plasmids was detected 72 h 
after transfection under a fluorescence microscope. In the case of 
pDsRed2-ER, a cytosolic fluorescence pattern corresponding to the 
Fig. 5. Phase-contrast micrographs of embryoid 
bodies (EBs) formed in SAEC-A3 (A) and SAEC-H7 (B) 
when cells were maintained under shaking. Differ-
entiation of SAEC-A3 (C, E, G) and SAEC-H7 (D, F, H) 
cells after all-trans retinoic acid treatment. White ar-
rowheads indicate some neuron- (C, D) and epithelial- 
like (E, F) cells. No differentiated cells were observed 
in control wells (G, H). Cells were observed in an 
inverted phase-contrast microscope and micrographs 
were captured with the 40× dry objective. Scale bar: 
20 μm.   
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endoplasmic reticulum was observed, being more intense in the peri-
nuclear region (Fig. 7A, E). A diffuse fluorescence in the cytosol and 
intense in the nucleus corresponded to pEGFP-N1 expression (Fig. 7C, 
G). 
3.8. Daily variations and circadian rhythms of pcna expression 
Daily variations and circadian rhythms in the expression of the 
proliferating cell nuclear antigen (pcna) were analysed in SAEC-H7 ES 
cells maintained under two different photoperiod regimes, LDLD and 
LDLL (Fig. 8). 
When SAEC-H7 cells were maintained under 12 h light and 12 h 
darkness (LDLD) during 4 consecutive days, pcna relative expression 
Fig. 6. Relative expression of col1a1 in SAEC-A3 (A) and sox3 in SAEC-H7 (B) 
cell lines subjected to different all-trans retinoic acid (RA) concentrations (1, 2 
and 4 μM). Triplicates were collected after ten days of RA treatment and mRNA 
relative expression was analysed by RT-qPCR. Black bars indicate relative 
expression values in DMSO-control wells and white bars represent expression 
values in RA-treated cells. Different letters above bars indicate statistically 
significant differences (ANOVA p-value <0.05). 
Fig. 7. Fluorescence micrographs of SAEC-A3 (A-D) and SAEC-H7 (E-H) cells transfected with pDsRed2-ER (A and E) or pEGFP-N1 (C and G) expression plasmids 
using VIROMER Yellow transfection reagent. Micrographs of the corresponding bright-field images are also shown (B, F, D, H). Cells were observed in an inverted 
fluorescence microscope and micrographs were captured with the 40× dry objective. Scale bar: 20 μm. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
Fig. 8. Daily variations in relative expression of pcna in SAEC-H7 cells main-
tained under two different photoperiods regimes (LDLD and LDLL). Triplicates 
were collected every 6 h during 4 complete days and mRNA relative expression 
was analysed by RT-qPCR. Time in hours in the x-axis represent zeitgeber time 
in LD conditions (ZT) and circadian time in LL conditions (CT). Capital letters 
along the graph show the statistical differences for the LDLD group and the 
lower-case letters indicate the statistical differences for the LDLL groups. The 
bars above the graph indicate daily photoperiod conditions. White bars repre-
sent the light phase (ZT0 to ZT12 in LDLD; ZT0 to ZT12 for the first day and ZT0 
to ZT18 for the last three days in LDLL) and black bars represent the dark phase 
(ZT12 to ZT0 in LDLD; ZT12 to ZT0 for the first day in LDLL). Different letters 
indicate statistically significant differences between mean values (p-value 
< 0.05). 
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showed statistically significant differences in all days analysed (ANOVA 
p-value 0.00001), with peaks of expression at ZT12 and lower levels at 
ZT0 (Fig. 8). Cosinor analysis revealed that pcna exhibited significant 
daily rhythms of expression during the four days analysed, with acrop-
hases at the day-night transition (from ZT11.64 to 12.71), mesors 
ranging from 0.71 to 1.33 and amplitudes ranging from 0.34 to 0.47 
(Table 3). 
Under LDLL conditions, pcna transcript levels in SAEC-H7 showed a 
similar daily profile than that observed for LDLD conditions (ANOVA p- 
value 0.002360, Fig. 8), but statistical differences were restricted to the 
first day (between ZT12-ZT18 and ZT0) and the fourth day analysed 
(between CT6 and CT18, Fig. 8). Cosinor analysis showed significant 
rhythms during the first three days, indicating the existence of a circa-
dian rhythm in pcna transcript levels (Table 3). During the first day, pcna 
acrophase was placed during the day-night transition at ZT12.38. Sub-
sequently, acrophases were delayed in the next following days under 
constant light and placed at CT14.18 and CT13.98. Declining mesor 
values and amplitudes were observed, ranging from 1.51 to 0.90 and 
0.65 and from 0.58 to 0.53 and 0.35, respectively (Table 3). During the 
fourth day under LDLL conditions the rhythm in pcna expression was lost 
(Fig. 8). 
4. Discussion 
In this work, we have established two single cell-derived ES cell lines, 
designated as SAEC-A3 and SAEC-H7, from gilthead seabream, Sparus 
aurata, an important commercial fish species. To the best of our 
knowledge, these are the only available monoclonal cell lines derived 
from a marine fish species at the moment. We have determined the 
optimal conditions for their culture and maintenance as well as 
described their principal characteristics and potentials and their daily 
proliferating activity. Cells showed high viability under different culture 
conditions, were able to form embryoid bodies and to be successfully 
differentiated and transfected, making them suitable alternative models 
to complement in vivo studies in this species. 
A limited dilution was performed to isolate individual cells that were 
expanded to obtain monoclonal cell lines, avoiding genetic diversity and 
cellular heterogeneity. Limiting-dilution procedures in cell line devel-
opment have been widely used to generate single cell-derived cell lines 
(Wurm, 2004). Maximisation of cellular homogeneity by developing 
single cell-derived cell lines could represent a key factor for the success 
of in vitro studies, gene-delivery methods or chimaera formation, which 
are often cell-specific and low in efficiency when applicable to a popu-
lation of cells that lack uniformity (Kim and Eberwine, 2010; Silva et al., 
2011; Yang et al., 2018; Young and Dean, 2015). In this context, SAEC- 
A3 and SAEC-H7 are glimpsed as powerful systems to explore the mul-
tiple applications of the genetic manipulation. 
Both cell lines were derived from morula stage embryos and dis-
played all distinctive features of ES-like cells (Evans and Kaufman, 1981; 
Martin, 1981). These included a typical ES phenotype with small size 
and rounded/polygonal shape without prolongations or signs of primary 
tissue organization, stable growth forming compacted cell colonies 
capable of expansion, and the ability to differentiate into several cell 
types (Béjar et al., 2002; Collodi et al., 1992; Hong et al., 2011; Hong 
et al., 1996; Parameswaran et al., 2012; Parameswaran et al., 2007). 
Furthermore, SAEC-A3 and SAEC-H7 cells showed the ability to spon-
taneously form embryoid bodies when grown in suspension, a charac-
teristic of ES cells associated with pluripotency that constitutes an 
important initial step in directed differentiation (Brickman and Serup, 
2017; Martin and Evans, 1975). At present, cells have been passaged for 
over 100 times, exhibiting continuous growth in culture for over 3 years 
without evident changes in their morphology, providing evidence for 
their ability of self-renewal and their undifferentiated state. SAEC-A3 
and SAEC-H7 cells were maintained in conventional Leibovitz’s 15 
medium supplemented with 10% FBS at 22 ◦C in constant darkness, 
similar to other marine fish cells reported to date (Béjar et al., 2002; 
Buonocore et al., 2006; Gignac et al., 2014; Molino et al., 2019; Olivares- 
Ferretti et al., 2019; Parameswaran et al., 2012; Parameswaran et al., 
2007; Servili et al., 2009). Altogether, these facts indicate the estab-
lishment of two viable cell populations, each derived from one cell that 
can be considered immortalised, permanent ES cell lines with self- 
renewal and differentiation capabilities, and suitable for early verte-
brate development assays (Collodi et al., 1992; Ghosh and Collodi, 
1994). 
The growth of SAEC-A3 and SAEC-H7 was characterized in different 
assays, showing the capability to adapt to different temperatures (13- 
31 ◦C) and FBS concentrations (5–15%). A supplementation of 10% FBS 
and 22 ◦C were observed to be the most appropriate conditions for the 
growth of seabream ES cells. This temperature is within the optimal 
temperature range for embryonic development of Sparus aurata, that has 
been reported to be 16–22 ◦C (Polo et al., 1991). Additionally, our re-
sults indicated that the lower temperature (13 ◦C) is not suitable for 
maintaining a continuous growth of seabream cells, especially SAEC-A3. 
Accordingly, low temperatures have also been revealed as critical for 
Sparus aurata aquaculture in the Mediterranean during winter. Cooling 
below 18 ◦C initiated cellular stress responses in several tissues and 
temperatures under 14 ◦C reduced the metabolic rate in this species, 
compromising the rates of growth and reproduction (Kyprianou et al., 
2010). These results supported that SAEC-A3 and SAEC-H7 can be 
maintained under different environmental conditions, suggesting that 
they could be used as a tool for experimental in vitro assays to test biotic 
(e.g. feeding) and abiotic (e.g. temperature) factors in this species. These 
growth curves showed the usual profile of in vitro cultures (Stephenson, 
2010) and doubling times (1.7 days) were similar to those reported for 
other fish embryonic cell lines (Béjar et al., 2002; Buonocore et al., 2006; 
Moon et al., 2006; Yuan et al., 2013). Furthermore, viability and growth 
curves results suggest that cells could be used as a model for cytotoxic 
studies (Fotakis and Timbrell, 2006; Molino et al., 2019; Vega et al., 
2017), tissue regeneration (Gonzalez Gonzalez et al., 2018) or tumoural 
investigation (Gil-Benso et al., 2017). 
One way to assess pluripotency in ES cell lines is to determine the 
ability to form embryoid bodies (EBs) (Brickman and Serup, 2017). Both 
SAEC-A3 and SAEC-H7 were able to generate EBs under shaking. 
Table 3 
Parameters defining pcna gene expression rhythms in SAEC-H7 ES cell line when 
maintained under two different photoperiods for 4 days:12 h light 12 h darkness 
(LDLD) and 12 h light 12 h darkness during the first day and constant light until 
the end (LDLL). Numeric values of mesor, amplitude, acrophase and significance 
of the rhythm (p-value) reported by the cosinor analysis are indicated. Mesor and 
amplitude are given as relative expression values (r.e.) and acrophase as zeit-
geber (ZT)/circadian time (CT). Rhythms were considered significant when p <
0.05. Significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. N.S. 
non-significant rhythms.  











1.33 0.47 11.64 ** 
Day 
2 
0.86 0.37 12.71 *** 
Day 
3 
0.71 0.35 12.28 **** 
Day 
4 




1.51 0.58 12.38 * 
Day 
2 
0.90 0.53 14.18 ** 
Day 
3 
0.65 0.35 13.98 *** 
Day 
4 
1.17 0.63 15.79 N.S.  
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Formation of EBs in ES cell lines was first described by Martin and Evans 
(Martin and Evans, 1975). Since that moment, many researches evi-
denced the importance of EBs differentiation as an experimental model 
to shed light on early embryonic development (Desbaillets et al., 2000; 
Höpfl et al., 2004; Livigni et al., 2009; Parameswaran et al., 2012; 
Thomson, 1998). In fact, not all cell cultures have the attribute to 
generate EBs, and only ES cells that are immortal, long-term cell cultures 
and derived from blastocyst stages have been shown to exhibit it 
(Brickman and Serup, 2017). Therefore, EBs formation from Sparus 
aurata ES cell lines A3 and H7 confirmed the pluripotency of both em-
bryonic cell lines. This has also been demonstrated in mammalian ES 
cells (Robertson, 1987) and other ES cell lines developed from fish (Fan 
and Collodi, 2006; Ghosh and Collodi, 1994; Hong et al., 1996; Li et al., 
2019). 
Another important criteria for evaluation of pluripotency is the po-
tential to differentiate into distinct cell lineages (Brickman and Serup, 
2017; Evans and Kaufman, 1981; Martin, 1981). Embryonic stem cells 
could produce skin cells, neurons, melanocytes, muscle cells, blood cells 
and even gametes to generate structured and complex tissues and or-
ganisms (Ikeda et al., 2018; Ito et al., 2010; Lehtonen et al., 1989; 
Schwartz et al., 2008). In this sense, ES cells are potent research tools 
because they could open new possibilities to produce different cell types. 
In fact, this technique has been used in many species, including humans 
and non-human primates (Thomson, 1998; Peura et al., 2007), as well as 
fish species (Fan and Collodi, 2006; Gignac et al., 2014; Molino et al., 
2019; Parameswaran et al., 2012; Parameswaran et al., 2007; Wang 
et al., 2011). Our results showed the ability of SAEC-A3 and SAEC-H7 
cells to undergo differentiation in response to all-trans retinoic acid, 
thus further supporting their pluripotency. SAEC-A3 and SAEC-H7 
showed different sensitivity to retinoic acid, which reinforces the 
different individuality of each of the lines obtained. Differentiated cells 
were described by morphology as neuron- and epithelial-like cells. Both 
qualitative (morphology observation) and quantitative (molecular) re-
sults suggested slightly different patterns of differentiation, where 
SAEC-A3 showed a tendency to differentiate to epithelial cells and 
SAEC-H7 to neuronal cells. Similar observations have been described in 
mammals and other fish ES cell lines (Chen et al., 2015; Hong et al., 
1996; Kuai et al., 2009; Nakano et al., 1994; Peura et al., 2007; Waka-
matsu et al., 1994; Wang et al., 2011). Altogether, our results support 
the embryonic and pluripotent nature of SAEC-A3 and SAEC-H7 cell 
lines, reinforcing their appropriateness as in vitro models for the study of 
extracellular factors influencing cell differentiation and to delve into the 
early development of Sparus aurata and other fish species. 
In the present study, we also showed that both monoclonal ES cell 
lines could be transfected with plasmids, pDsRed2-ER and/or pEGFP- 
N1, using liposomes. They were functional in the expression of genes 
transfected. Fluorescence patterns were representative of patterns pre-
viously described in human breast cancer cells (Figueroa et al., 2017), 
mouse cell lines (Decembrini et al., 2017) or cell lines derived from 
freshwater fish species like medaka, Oryzias latipes, and zebrafish, Danio 
rerio (Malo et al., 2017; Yokota et al., 2016). The possibility to introduce 
DNA into these cell lines allows their suitability to be used as models to 
analyse the regulation of gene expression and as a platform to produce 
recombinant proteins, as well as for methods of genetic manipulation, 
thus allowing chimaera formation, genetic modifications in transgenic 
animals or gene knockout techniques in fish (Parameswaran et al., 2012; 
Schmöhl et al., 2019; Turner et al., 2018; Yokota et al., 2016). 
The daily proliferative activity of these cells was analysed by 
measuring pcna expression in SAEC H7. pcna expression profile exhibi-
ted daily variations and significant rhythms under light-dark photope-
riods, with maximum levels at the day-night transition. Maintenance of 
these rhythms under constant light conditions suggests the involvement 
of a circadian clock in driving them. This phenomenon has been previ-
ously described in zebrafish larvae and cell cultures (Dekens et al., 2003) 
and in the retina of Haplochromis burtoni (Chiu et al., 1995). From single- 
cell organisms to humans, circadian clock-generated synchronization of 
an organism’s cell division cycle with environmental factors could 
represent a key strategic adaptation, placing an important event at the 
most appropriate time to ensure its survival and success (Johnson, 2010; 
Bernard and Herzel, 2006). By restricting cell division events at the end 
of the day or at night, the clock would help to avoid UV-induced DNA 
damage in cell division and in developing animals (e.g., fish floating 
eggs, embryos and larvae) or to suppress potential tumor growth in adult 
animals (Bernard and Herzel, 2006; Johnson, 2010; Shostak, 2017). 
Therefore, a better understanding of the mechanisms linking the cell 
cycle and the circadian clock in these embryonic stem cells could 
contribute to enlarge our knowledge of this connection and to optimise 
many rhythmic physiological processes affecting the aquaculture and 
wellbeing of seabream and other species. 
5. Conclusions 
In the present work, we have generated and characterized two 
monoclonal embryonic cell lines derived from gilthead seabream, 
named SAEC-A3 and SAEC-H7. Each line showed different sensitivity to 
all-trans retinoic acid and a tendency to differentiate into different cell 
types. We have also shown that SAEC-H7 showed a variable and 
rhythmic daily profile in pcna expression and therefore in proliferative 
activity. In conclusion, our results highlight the versatility of both Sparus 
aurata single cell-derived ES cell lines, SAEC-A3 and SAEC-H7, to be 
applicable as a new experimental model for in vitro assays in an 
economically important species such as the gilthead seabream. The 
availability of such monoclonal cell lines could increase reliability of in 
vitro studies results and make possible new approaches to the study of 
early embryonic development and differentiation, cellular metabolism, 
cytotoxicity, environmental synchronization, gene expression and its 
regulation and functional genomics. Additionally, this tool could permit 
us to replace the use of animals wherever possible in research assays, to 
reduce the number of animals used and to refine tests to cause animals 
the minimum distress, thus accomplishing the 3R’s rule. 
Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cbpb.2021.110626. 
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Schmöhl, F., Peters, V., Schmitt, C.P., Poschet, G., Büttner, M., Li, X., Weigand, T., 
Poth, T., Volk, N., Morgenstern, J., Fleming, T., Nawroth, P.P., Kroll, J., 2019. 
CNDP1 knockout in zebrafish alters the amino acid metabolism, restrains weight 
gain, but does not protect from diabetic complications. Cell. Mol. Life Sci. 76, 
4551–4568. https://doi.org/10.1007/s00018-019-03127-z. 
Schneider, I., 1972. Cell lines derived from late embryonic stages of Drosophila 
melanogaster. J. Embryol. Exp. Morpholog. 27, 353–365. 4625067. 
Schwartz, P.H., Brick, D.J., Stover, A.E., Loring, J.F., Müller, F.J., 2008. Differentiation of 
neural lineage cells from human pluripotent stem cells. Methods 45, 142–158. 
https://doi.org/10.1016/j.ymeth.2008.03.007. 
Sellick, J., 2011. Enhancing the protection of animals used for scientific purposes. 
Environ. Law Manag. 23, 75–82. 
Servili, A., Bufalino, M.R., Nishikawa, R., de Melo, I.S., Muñoz-Cueto, J.A., Lee, L.E.J., 
2009. Establishment of long term cultures of neural stem cells from adult sea bass, 
Dicentrarchus labrax. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 152, 245–254. 
https://doi.org/10.1016/j.cbpa.2008.10.018. 
Shostak, A., 2017. Circadian clock, cell division, and cancer: from molecules to organism. 
Int. J. Mol. Sci. 18, 873. https://doi.org/10.3390/ijms18040873. 
Silva, G., Poirot, L., Galetto, R., Smith, J., Montoya, G., Duchateau, P., Paques, F., 2011. 
Meganucleases and other tools for targeted genome engineering: perspectives and 
challenges for gene therapy. Curr. Gene Ther. 11, 11–27. https://doi.org/10.2174/ 
156652311794520111. 
Stephenson, F.H., 2010. Calculation for molecular biology and biotechnology. In: 
A Guide to Mathematics in the Laboratory, 2nd ed. Academic Press, p. 2010 (ISBN: 
0123756901).  
Tachibana, K.E., Gonzalez, M.A., Nicholas Coleman, N., 2005. Cell-cycle-dependent 
regulation of DNA replication and its relevance to cancer pathology. J. Pathol. 205 
(2), 123–129. https://doi.org/10.1002/path.1708. 
Tan, C.K., Castillo, C., So, A.G., Downey, K.M., 1986. An auxiliary protein for DNA 
polymerase-delta from fetal calf thymus. J. Biol. Chem. 261, 12310–12316. 
Thomson, J.A., 1998. Embryonic stem cell lines derived from human blastocysts. 
Science. 282, 1145–1147. https://doi.org/10.1126/science.282.5391.1145. 
Turner, A.N., Andersen, R.S., Bookout, I.E., Brashear, L.N., Davis, J.C., Gahan, D.M., 
Gotham, J.P., Hijaz, B.A., Kaushik, A.S., Mcgill, J.B., Miller, V.L., Moseley, Z.P., 
Nowell, C.L., Patel, R.K., Rodgers, M.C., Shihab, Y.A., Walker, A.P., Glover, S.R., 
Foster, S.D., Challa, A.K., 2018. Analysis of novel domain-specific mutations in the 
zebrafish ndr2/cyclops gene generated using CRISPR-Cas9 RNPs. J. Genet. 97, 
1315–1325. https://doi.org/10.1007/s12041-018-1033-6. 
Vega, F.M., Gautier, V., Fernandez-Ponce, C.M., Extremera, M.J., Altelaar, A.F.M., 
Millan, J., Tellez, J.C., Hernandez-Campos, J.A., Conejero, R., Bolivar, J., Pardal, R., 
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